INTRODUCTION
Xanthomonas campestris is an important pathogenic bacterium that causes destructive diseases in economic crops worldwide. The increased generation and accumulation of reactive oxygen species (ROS) elicited by invading microbes has been recognized as one of the initial plant defence responses during plant-microbe interactions (Levine et al., 1994) . The use of biocides containing copper compounds, i.e. copper hydroxide, copper sulfate, copper oxychloride, copper hydrazine sulfate and cuprous oxide, to control the spread of phytopathogenic fungi and bacteria has been a feature of most traditional agricultural practices (Hopkins, 2004) . Copper bactericides are also effective control measures of plant diseases caused by X. campestris (McGuire, 1988) . Although copper is an essential trace element required as a cofactor for a variety of enzymes involved in many biological processes, an excess of copper can be highly toxic, especially under aerobic conditions. As redox-active metal ions, copper toxicity is thought to be the consequence of Fenton and Haber-Weiss reactions, where copper catalyses the generation of hydroxyl radicals from H 2 O 2 and superoxide anions (Kehrer, 2000; Letelier et al., 2010) . Micro-organisms such as Escherichia coli have evolved multiple systems to maintain intracellular copper homeostasis (Rensing & Grass, 2003) . Little is known about copper resistance determinants in X. campestris. A previous study in X. campestris pv. juglandis identified copper resistance genes sharing high homology to Pseudomonas syringe copABCD and to the plasmidlocated pcoABCD genes in E. coli (Lee et al., 1994) . X. euvesticatoria possesses copABCD located divergently to copRS; these genes encode a two-component copper sensor and a regulator that controls the expression of the copperinducible copABCD operon (Basim et al., 2005) .
However, recent studies in E. coli have revealed that copper ions are unlikely to participate in Fenton chemistry, and the iron-sulfur clusters of dehydratase enzymes are the primary intracellular targets of copper toxicity (Macomber et al., 2007; Macomber & Imlay, 2009 ). The lethal effect of copper in X. campestris is currently unclear. Challenging bacterial cultures with sublethal concentrations of copper synergistically increased the killing effects of H 2 O 2 and organic hydroperoxide (ROOH) through increased hydroxyl radical production and stimulation of lipid peroxidation, respectively (Patikarnmonthon et al., 2010) . X. campestris has evolved an array of mechanisms to overcome oxidative stresses and to survive under such harsh conditions. Several antioxidant enzymes are inducibly produced upon exposure to increased levels of ROS. For example, the expression of KatA (a monofunctional catalase), KatG (a catalase-peroxidase) and AhpCF (an alkyl hydroperoxide reductase), which is regulated by the global peroxide sensor and transcriptional regulator OxyR, increase in cells subjected to either H 2 O 2 or ROOH (Charoenlap et al., 2005; Chauvatcharin et al., 2005; Jittawuttipoka et al., 2009) . Ohr (organic hydroperoxide reductase), whose expression is controlled by OhrR, is upregulated in cells challenged with ROOH and sodium hypochlorite (Chi et al., 2011; Panmanee et al., 2006) . Some of these genes, including katA, katG, oxyR and soxR, are required for full virulence of this phytopathogen (Charoenlap et al., 2011; Jittawuttipoka et al., 2009; Mahavihakanont et al., 2012) . OxyR and OhrR are thiolbased redox sensors and transcriptional regulators; peroxide activation of OxyR and deactivation of OhrR occur via the oxidation of a thiol group of the sensing cysteine residue and subsequent disulfide bond formation. OxyR is primarily recognized as an H 2 O 2 sensor, but in X. campestris, OxyR is also activated by organic hydroperoxides, redox cycling drugs and disulfide stress (treatments with diamide and N-ethylmaleimide) (Vattanaviboon et al., 1999) . Moreover, in vitro experiments have revealed that the reactive nitrogen species-generating agents S-nitrosoglutathione, S-nitrosocysteine and glutathione disulfide oxidized and activated E. coli OxyR (Kim et al., 2002) . OhrR primarily senses organic hydroperoxides (Panmanee et al., 2006) . However, sodium hypochlorite-mediated inactivation of OhrR has been reported (Chi et al., 2011) . Although X. campestris possesses SoxR, it appears that this transcriptional regulator senses redox-active drugs rather than superoxide anions (Mahavihakanont et al., 2012) .
IscR is an iron-sulfur (Fe-S) cluster-containing transcriptional regulator involved in the oxidative stress response (Somprasong et al., 2012) . IscR-regulated genes are predominantly induced by superoxide generators such as plumbagin (Somprasong et al., 2012) . Superoxide anions reacted with the Fe-S clusters causing their depletion. IscR senses changes in the levels of Fe-S clusters and responds by either activating or repressing transcription of target genes (Ayala-Castro et al., 2008) . Furthermore, treatments with H 2 O 2 and organic hydroperoxides are able to induce the expression of IscR-regulated genes (Somprasong et al., 2012) .
We report here that treatment with nonlethal doses of copper induced high expression of antioxidant genes in the OxyR and OhrR regulon. In contrast, copper-pretreated cells showed enhanced sensitivity to H 2 O 2 .
METHODS
Bacterial strains and growth conditions. X. campestris pv. campestris ATCC 33913 (Xcc) wild-type and mutant strains were grown aerobically at 28 uC in Silva-Buddenhagen (SB) medium (Charoenlap et al., 2011) and plant-like medium XVM2 (Wengelnik & Bonas, 1996) as indicated. Exponential-phase cells (OD 600 of 0.5) were used in all experiments.
Real-time reverse transcription PCR (qRT-PCR). The exponential-phase cultures were challenged with 75 mM CuCl 2 for 15 min. Total RNA preparation and qRT-PCR were performed as previously described (Buranajitpakorn et al., 2011) . Real-time PCR was executed using 20 ng cDNA, SYBR green PCR Master Mix (Applied Biosystems) and a specific primer pair for each gene. The 16S rRNA gene was used for normalization. The specific primer pairs were primers BT2684 (59CGCAGCGTCTCGGTGACG39) and BT2685 (59AGTGG-AAGACGCCGCTGA39) for ahpC, BT2239 (59TCTGCTTGCCACC-GGACT39) and BT2240 (59TGTGGCAGGACCCGATCC39) for katG, BT2237 (59GGCCAGGTCGTCCGGCTT39) and BT2238 (59GAAT-CCACCCGCACGCTG39) for katA, BT3373 (59ACGTCAAGCTC-TCCACCC39) and BT3374 (59GCTGGCATTGGAGTACG39) for ohr, BT1798 (59GGATGCAGTGTTCGATTC39) and BT1806 (59CATG-CAGCTGGTTTTCGT39) for sufB, BT4244 (59GTCGATGCACAT-GATCATGT39) and BT4245 (59AGATCGCGACGCTGGAAGT39) for katE, and BT2781 (59GCCCGCACAAGCGGTGGAG39) and BT2782 (59ACGTCATCCCCACCTTCCT39) for the 16S rRNA gene. PCR amplifications were performed under the following conditions: denaturation at 95 uC for 30 s, annealing at 60 uC for 45 s and extension at 72 uC for 30 s, for 40 cycles. Relative expression was expressed as fold of expression relative to the uninduced level.
Oxidant killing experiments. Oxidant killing experiments were performed as previously described (Banjerdkij et al., 2005) . Bacterial cultures were grown to the exponential phase before being challenged with 75 mM CuCl 2 for 15 min. After treatment, bathocuproine sulfonate (copper chelator) was added to the final concentration of 150 mM. Aliquots of cells were treated with killing concentrations of H 2 O 2 , menadione or tert-butyl hydroperoxide (tBOOH) for 30 min. After treatment, cell survival was enumerated using viable cell count. The percentage survival was defined as the number of c.f.u. recovered after the treatment divided by the number of c.f.u. prior to treatment multiplied by 100.
Peroxide degradation assay. The degradation of peroxides was monitored using a ferrous oxidation-xylenol orange (FOX) assay as previously described (Chuchue et al., 2006) with some modifications. Exponential-phase cultures of Xcc strains grown under uninduced and 75 mM CuCl 2 -induced conditions were adjusted to an OD 600 of 0.5 with fresh medium prior to addition of 200 mM H 2 O 2 . The residual peroxide in the supernatant was determined at indicated time points using a xylenol orange-iron reaction (Chuchue et al., 2006) .
Catalase and superoxide dismutase assays. Cell lysate preparation was performed as previously described (Chauvatcharin et al., 2005) . Exponential-phase cells in XVM2 medium were induced with 75 mM CuCl 2 for 15 min. Bacterial cells were harvested and lysed using brief sonication followed by centrifugation. The supernatants were used for enzymic activity assays. The catalase activity assay was monitored as previously described (Chauvatcharin et al., 2005) . One unit of catalase is defined as the amount of enzyme required to decompose 1.0 mmol of H 2 O 2 at 25 uC at pH 7.0.
Total superoxide dismutase (SOD) activity was determined using the xanthine-xanthine oxidase-coupled reduction of cytochrome c as previously described (McCord & Fridovich, 1969) . One unit of SOD activity is defined as the amount of enzyme required to inhibit the rate of reduction of cytochrome c by 50 %.
Purification of X. campestris pv. campestris KatA. The 66His-tagged X. campestris pv. campestris KatA was purified using E. coli and the pETBlue-2 system (Novagen). The full-length katA gene was PCR amplified from pKatA with forward primer BT4052 containing an NcoI restriction site (59-ACGCCATGGGCCCTGGATCCCTCA-39) and reverse primer BT3997 (59-TCAATGGTGGTGGTGGTGATGG-TCCTGCAGGGTCGACGC-39) containing 66His and stop codons. The PCR product was cloned into pETBlue-2 cut with NcoI and NotI (filled in with a Klenow fragment), yielding pET-KatA. E. coli BL21(DE3) harbouring pET-KatA was grown in Terrific broth (Life Technology) supplemented with 0.5 M glycylglycine and 50 mg ml 21 ampicillin to an OD 600 of 1 before the culture was induced with 0.5 mM IPTG for 4 h at 28 uC. After harvesting, bacterial cells were lysed using intermittent sonication. An Ni-NTA agarose column (Qiagen) was used to purify 66His-tagged KatA from the crude lysate as per the manufacturer's recommendations. The bound 66His-tagged KatA protein was eluted with elution buffer (50 mM NaH 2 PO 4 , 200 mM NaCl, 250 mM imidazole, pH 8.0). Fractions that contain KatA protein were dialysed in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 , pH 7.4). The purity of KatA was 90 % as judged by SDS-PAGE analysis.
Preparation of polyclonal anti-KatA antibody. Polyclonal antiKatA antibody was prepared by immunizing a mouse with purified 66His-tagged KatA (performed by Biomedical Technology Research unit, Faculty of Associated Medical Sciences, Chiang Mai University, Thailand).
Western blot analysis. Bacterial cell lysate was separated using 12.5 % SDS-PAGE and electrotransferred to a PVDF membrane (Hybond-ECL; Amersham Biosciences) at 22 V for 45 min in blotting buffer (191 mM glycine, 24 mM Tris-base, 20 % methanol). The blotted membrane was blocked with 5 % skimmed milk in Trisbuffered saline Tween-20 (TBST) at 4 uC overnight prior to probing with a 1 : 4000 dilution of mouse anti-KatA antibody as a primary antibody. After washing with TBST (36 10 min), sheep anti-mouse IgG conjugated with HRP (GE Healthcare Life Sciences) was used as the secondary antibody. Detection was performed using chemiluminescent HRP substrate (Roche Diagnosis) and Hyperfilm (GE Healthcare Life Sciences).
MIC determination. The broth dilution method was used to determine the MIC of copper as previously described (Teitzel & Parsek, 2003) with some modifications. An exponential-phase culture of Xcc in XVM2 was adjusted to an OD 600 of 0.3 and a 100 ml aliquot of this culture was inoculated into tubes containing 1 ml of XVM2 medium plus CuCl 2 at concentrations ranging from 50 mM to 1 mM.
The MIC was defined as the lowest concentration that showed no visible growth after 24 h at 28 uC.
RESULTS AND DISCUSSION
The level of copper resistance in X. campestris pv. campestris Experiments were performed to determine the copper resistance levels of Xcc grown in XVM2, an hrp-inducing medium that provides an environment similar to the plant extracellular space (Wengelnik & Bonas, 1996) . The MIC of CuCl 2 in XVM2 medium for Xcc was 150 mM.
The intracellular copper level in bacteria is tightly controlled by well-orchestrated mechanisms that are induced in response to increased copper levels (Rademacher & Masepohl, 2012) . Analysis of the genome sequence of strain Xcc (da Silva et al., 2002; Qian et al., 2005; Vorhölter et al., 2008) revealed that this bacterium only contains homologues of copL (xcc0579), copA (xcc0577) and copB (xcc0576), which encode a copper resistance protein, multi-copper oxidase and outer-membrane protein involved in copper resistance, respectively. This copLAB operon is a copper resistance trait in Xcc (Hsiao et al., 2011) . No open reading frames with high identity to CopRS (or PcoRS in E. coli) were identified, suggesting that copLAB might be regulated differently in Xcc than in other bacteria. In addition to copLAB, we have identified only two genes, cutA (xcc0520, putative copper binding protein) and cutC (xcc2913, putative copper transporter), that might have a role in copper homeostasis. These findings suggest that Xcc is poorly equipped to handle excess levels of copper. Nevertheless, it is possible that Xcc might possess other, as yet undiscovered, copper detoxification genes.
Copper ions induce antioxidant gene expression
We have proposed that one of the principal pathways of copper toxicity in Xcc involves induction of oxidative stress by the metal (Patikarnmonthon et al., 2010) . Here, we determined the effects of exposure to sublethal concentrations of copper on the expression of genes involved in the oxidative stress response. Xcc cultures were challenged with either 75 or 100 mM of CuCl 2 for 15 min. These treatment conditions did not affect bacterial viability (data not shown). The transcription levels of representative genes of each of the four regulons involved in oxidative stress protection were measured. The levels of ahpC, katA and katG (OxyR regulon), ohr (OhrR regulon), xcc0300 (SoxR regulon) and sufB (IscR regulon) expression were monitored using qRT-PCR. As illustrated in Fig. 1, 75 mM CuCl 2 treatment enhanced expression of ahpC, katA, katG, ohr and sufB by 20.1±1.5, 33.2±2.5, 23.9±2.4, 33.1±1.9 and 11.6±1.2-fold, respectively, compared with the untreated levels (data expressed as means±SD of three independent experiments). No induction of gene expression in response to the treatment was observed for xcc0300 (data not shown). Treatment of Xcc with a higher concentration of CuCl 2 (100 mM) induced ahpC, katA, katG, ohr and sufB expression by 10.8±1.2, 17.1±1.7, 13.4±2.5, 21.4±1.5 and 2.6±1.0-fold, respectively. These levels, albeit elevated, were lower than the induction of gene expression attained by treatment of the bacteria with 75 mM CuCl 2 . This is probably due to partial growth inhibition at 100 mM CuCl 2 .
Moreover, experiments were extended to measure the expression levels of katE, which encodes a growth-phase-and starvation-regulated catalase (Vattanaviboon & Mongkolsuk, 2000) . The expression of katE was increased 7.0±2.4-fold upon exposure to 75 mM CuCl 2 . Copper-induced katE expression was OxyR-independent as the induction was still observed in an oxyR mutant (data not shown). The expression of X. campestris katE is proposed to be regulated by the sigma factor, RpoS (Vattanaviboon & Mongkolsuk, 2000) . This observation is in harmony with a previous report in E. coli indicating that copper stress induces the RpoS regulon (Macomber et al., 2007) .
Characterization of ROS generated upon CuCl 2 exposure
The question was then raised as to how exposure to elevated levels of copper triggered the expression of genes in the oxidative stress response. These transcriptional regulators sense various oxidants, thus CuCl 2 treatment likely generated intracellular ROS. To determine whether the ROS participated in CuCl 2 -induced gene expression, CuCl 2 treatments of strain Xcc harbouring plasmids that produced high levels of an antioxidant enzyme that preferentially degraded each type of ROS were performed and the resulting induction of gene expression was monitored by real-time PCR. We hypothesized that if superoxide radicals, H 2 O 2 , and ROOH are generated by CuCl 2 treatment, high levels of oxidant-scavenging enzymes SOD (a superoxide scavenger), catalase (an H 2 O 2 scavenger), and alkyl hydroperoxide reductase (an ROOH scavenger) should lower the magnitude of induction of sufB (an IscR-regulated gene), ahpC (an OxyR-regulated gene) and ohr (an OhrRregulated gene), respectively, in CuCl 2 -treated cells. Similar rationales have been used to differentiate the major ROS responsible for activation of transcriptional regulators (Gu & Imlay, 2011; Mahavihakanont et al., 2012) . Hence, copper induction experiments were repeated in Xcc wild-type strain harbouring pSodBI (Saenkham et al., 2007) , pKatG (Jittawuttipoka et al., 2009 ) and pAhpCF (Charoenlap et al., 2005) . High levels of KatG catalase dramatically diminished CuCl 2 -induced expression of ahpC (from 20.1±1.5 to 5.0±0.9-fold), while high levels of AhpCF caused a major reduction in ohr expression (from 33.1±1.9 to 1.7±0.5-fold; Fig. 2 ). High levels of SOD considerably reduced CuCl 2 -induced sufB expression from 11.6±1.2-fold in wildtype to 4.4±0.9-fold in the strain harbouring plasmid pSodBI but had no significant effect on CuCl 2 -mediated induction of ahpC and ohr (Fig. 2) . Moreover, high levels of KatG and AhpCF also lowered CuCl 2 -induced expression of sufB to 6.8±1.3 and 5.9±1.1-fold (Fig. 2) . These findings suggest that in CuCl 2 -treated cells, H 2 O 2 and ROOH are responsible for oxidation activation and deactivation of OxyR and OhrR, respectively. In addition, superoxides are likely to be produced, as shown by high levels of SOD reducing sufB expression levels in CuCl 2 -induced cultures. This observation implies the direct contribution of superoxide anions in CuCl 2 toxicity.
The biochemical basis of how CuCl 2 treatment resulted in generation and accumulation of H 2 O 2 , ROOH and superoxide anions is as yet unclear. A recent finding has shown that iron-sulfur clusters are primary targets for copper toxicity (Chillappagari et al., 2010; Macomber & Imlay, 2009 ). Increased intracellular Cu(I) ions destabilize ironsulfur clusters, leading to functionally inactive proteins. Genome-wide transcriptome analysis of Bacillus subtilis has demonstrated that numerous genes for iron-sulfur cluster-containing enzymes, including those involved in the electron transport chain, are upregulated during copper stress conditions (Chillappagari et al., 2010) . It is likely that excess copper ions can cause ineffective electron transport, resulting in increased generation of superoxide anions. This notion is supported by our evidence that superoxide anions are one of the radicals accumulated after CuCl 2 treatment and by a previous finding that excess copper sulfate (CuSO 4 ) acted as a redox cycling agent able to generate superoxide anions in the presence of molecular oxygen (Kimura & Nishioka, 1997) The expression levels of ahpC, katA, katG, ohr and sufB in X. campestris pv. campestris wild-type grown in XVM2 medium treated with 75 or 100 mM CuCl 2 for 15 min were determined by qRT-PCR using specific primer pairs. Relative expression was calculated using the 16S rRNA gene for normalization and expressed as fold change relative to the untreated control. Data shown are means±SD of three independent experiments.
Effects of copper chloride in Xanthomonas campestrisof copper chloride in Xanthomonas campestris produces H 2 O 2 . H 2 O 2 can further activate genes in the OxyR regulon via oxidation of OxyR. Furthermore, Xcc contains five putative open reading frames homologous to SOD, none of which are regulated by SoxR, the superoxide anion/redox cycling drug sensor and transcriptional regulator (Mahavihakanont et al., 2012) .
As a redox metal ion, excess copper can generate highly toxic hydroxyl radicals during redox cycling between Cu(I) and Cu(II) in the presence of H 2 O 2 via a Fenton-like reaction (Feldberg et al., 1985) . The hydroxyl radical is a highly reactive compound capable of initiating the lipid peroxidation chain reaction. In addition, copper ions can bind to reduced glutathione (GSH), lowering the level of GSH, an important antioxidant molecule (Freedman et al., 1989) . Taken together, these biochemical changes caused by high levels of copper could be responsible for the accumulation of ROS.
Copper-pretreated cells are vulnerable to subsequent H 2 O 2 killing treatments Elevated expression of antioxidant enzymes is typically associated with enhanced resistance to oxidants. Therefore, we tested whether copper pretreatment could induce crossprotection to subsequent treatment with lethal concentrations of peroxides. CuCl 2 -pretreated and untreated cultures were subjected to 1, 2 and 5 mM H 2 O 2 for 30 min. The presence of copper ions (at a concentration of 100 mM) potentiates H 2 O 2 killing effects through increased generation of hydroxyl radicals (Patikarnmonthon et al., 2010) . The enhanced killing effect of H 2 O 2 by copper was abolished by the addition of the copper-specific chelator bathocuproine sulfonate (Patikarnmonthon et al., 2010) . Treatment with bathocuproine sulfonate can cause depletion of intracellular copper ions (Rae et al., 1999) . In our experiments, after induction with 75 mM for 15 min, 150 mM bathocuproine sulfonate was added to the induced cultures prior to treatment with H 2 O 2 . The CuCl 2 -pretreated cells were hypersensitive to H 2 O 2 treatment relative to the untreated cells: these cells were more than 10 4 -fold more sensitive to treatment with 5 mM H 2 O 2 (Fig. 3a) .
During plant-microbe interactions, oxidative burst is an early plant defence response against invading pathogens (Lamb & Dixon, 1997; Levine et al., 1994) . A rapid burst of ROS, including superoxide anion and H 2 O 2 , is observed in both compatible and incompatible plant-microbe interactions (Lamb & Dixon, 1997) . The concentration of H 2 O 2 in the oxidative burst has been shown to reach low millimolar levels (Bargabus et al., 2003) . The generated ROS not only protects plants against the invading pathogens, but is also involved in the activation of hypersensitivity responses and the strengthening of host cell walls (Bolwell & Daudi, 2009 ). The observation here that CuCl 2 -pretreated Xcc was extremely sensitive to low millimolar concentrations of H 2 O 2 suggests that treatment with nonlethal doses of copper could affect plant-Xcc interactions.
H 2 O 2 hypersensitivity in the copper-pretreated cells is accompanied by lowered H 2 O 2 degradation rates and total catalase activity The H 2 O 2 hypersensitivity of the copper-pretreated cells raised the question of why copper-treated cells with high expression of katA, katG and katE are vulnerable to H 2 O 2 . A modified FOX assay was performed to determine bacterial ability to degrade peroxide. CuCl 2 pretreated cells displayed lowered rates of H 2 O 2 degradation relative to the untreated control (Fig. 3b) . Thus, reduction of the ability to degrade H 2 O 2 is, at least in part, responsible for the observed increase in H 2 O 2 sensitivity of the CuCl 2 -pretreated cells. As catalases are the principal antioxidant enzymes that degrade H 2 O 2 to water and molecular oxygen, total catalase activity was monitored in CuCl 2 -pretreated and untreated cells. Total catalase activity in the CuCl 2 -pretreated cells was 6.5±1.2 U (mg protein)
21
, or approximately twofold lower than the level attained in untreated cells (14.6±2.5 U (mg protein) 21 ). Hence, CuCl 2 treatment enhanced transcription of katA while concomitantly decreasing catalase enzymic activity. As KatA is the principal catalase produced during exponential growth in Xcc (Charoenlap et al., 2011) , we tested the effects of copper pretreatment on catalase activity in the Xcc wild-type strain harbouring pKatA plasmid for high expression of katA. Treating bacterial cultures with 75 mM An additional experiment was performed to test whether the CuCl 2 -treated cells reduced catalase activity and high expression of katA was due to post-transcriptional modification of KatA, instability of KatA or other modifications of enzyme activity. Western blot analysis was conducted to measure the level of KatA protein in uninduced Xcc cultures and those induced with 75 mM CuCl 2 . KatA protein levels in the CuCl 2 -treated culture were 2.1-fold higher than in the uninduced culture (Fig. 4) . Experiments were expanded to include Xcc harbouring pKatA (Xcc/pKatA). Treatment with either 75 or 100 mM CuCl 2 caused no reduction in the levels of KatA protein (Fig. 4) . Thus, reduced catalase activity in the CuCl 2 -treated culture was not due to instability of KatA catalase upon exposure to CuCl 2 . This result supports the notion that CuCl 2 treatment has no significant effects on KatA protein stability.
We found here that excess CuCl 2 reduced catalase activity. Three isozymes of catalases, i.e. KatA, KatG and KatE, are produced in X. campestris (Chauvatcharin et al., 2005; Jittawuttipoka et al., 2009; Vattanaviboon & Mongkolsuk, 2000) . KatA and KatE are monofunctional catalases, while KatG is a catalase-peroxidase. All three catalases contain haem prosthetic groups as cofactors, and the iron ion (Fe 3+ ) in haem is a key factor in the oxidation of H 2 O 2 to molecular oxygen and water. Excess copper competes with and replaces other metals, including iron, in proteins (Kershaw et al., 2005) . We therefore speculate that haemcontaining catalases are among the targets of copper toxicity though the mechanism for the effect of copper on catalase activity is not currently known.
Copper-pretreated cells are vulnerable to menadione killing
Menadione is a redox cycling drug that exerts its toxicity intracellularly through the generation of superoxide anions in the presence of oxygen (Yamashoji et al., 2001) . The effect of CuCl 2 pretreatment on the protection of Xcc against menadione killing treatment was investigated. Xcc cells pretreated with 75 mM CuCl 2 for 15 min were 20-fold more vulnerable to menadione killing treatments (50 mM) than the uninduced cells (Fig. 5) . SODs are enzymes responsible for detoxifying superoxide anions. Total SOD activity in the CuCl 2 -pretreated cultures was determined. The level of total SOD activity in the CuCl 2 -pretreated cells (6.2±0.1 U (mg protein)
21
) was comparable to that of the uninduced cells (6.0±0.8 U (mg protein)
). Thus, enhanced sensitivity to menadione killing of the CuCl 2 -pretreated cells was not a result of reduction of total SOD levels. Dismutation of superoxide anions generates H 2 O 2 . Inefficient removal of H 2 O 2 in the CuCl 2 -pretreated cells would lead to increased generation of the most deleterious hydroxyl radical via a Haber-Weiss reaction, which is mediated by iron ions and other heavy metal ions including Cu ions (Kehrer, 2000; Letelier et al., 2010) . Bathocuproine sulfonate was added to the CuCl 2 -pretreated cultures prior to menadione killing treatments. Addition of bathocuproine sulfonate fully compensated for the menadione-sensitive phenotype of the CuCl 2 -pretreated cells (Fig. 5) . This observation supports the assumption that the metal ion-mediated Haber-Weiss reaction accounts for the menadione-sensitive phenotype of the CuCl 2 -pretreated cells.
Copper pretreatment is unable to induce crossprotection against organic hydroperoxides
We tested whether elevated expression of antioxidant genes induced by copper pretreatment conferred resistance to ROOH killing treatments. CuCl 2 -induced cells were treated with lethal concentrations of tBOOH. No cross-protection was achieved (data not shown). This observation was consistent with our previous observation in Xanthomonas where pretreatment with ROOH, which triggers the expression of genes in both OxyR and OhrR regulons, did not induce adaptive protection to a subsequent killing treatment with organic hydroperoxide (Mongkolsuk et al., 1997) .
CONCLUSION
We present here the effect of sublethal concentrations of CuCl 2 on antioxidant gene expression and the consequences of CuCl 2 induction on bacterial survival of peroxide killing treatments. In an environment mimicking plant extracellular space, treatment with nonlethal doses of CuCl 2 that caused no effect on bacterial viability resulted in the accumulation of peroxides, both H 2 O 2 and ROOH. Enhanced levels of peroxides induce high expression of antioxidant genes ahpC, katA and katG that belong to the OxyR regulon, and ohr that is regulated by OhrR. Though nonlethal doses of CuCl 2 induced antioxidant gene expression, the induced cells were more vulnerable to H 2 O 2 than the uninduced cells due to inactivation of haemcontaining catalases by CuCl 2 . Thus, nonlethal concentrations of CuCl 2 not only potentiate oxidative stress killing effects (Patikarnmonthon et al., 2010) but also reduce bacterial ability to cope with H 2 O 2 that is commonly generated during plant-microbe interactions. Exponential-phase cultures of Xcc in XVM2 medium were induced with 75 mM CuCl 2 for 15 min prior to treatment with killing concentrations (5-50 mM) of menadione for 30 min in the presence (g) and absence (m) of 150 mM bathocuproine sulfonate. Cells that survived the treatment were enumerated and the results were expressed as percent survival. # and $ represent uninduced cultures treated with menadione with and without bathocuproine sulfonate addition, respectively. Error bars represent means±SD from three independent experiments.
